We have investigated the earliest events in commitment of human epidermal keratinocytes to terminal differentiation. Phosphorylated Akt and caspase activation were detected in cells exiting the basal layer of the epidermis. Activation of Akt by retroviral transduction of primary cultures of human keratinocytes resulted in an increase in abortive clones founded by transit amplifying cells, while inhibition of the upstream kinase, PI3-kinase, inhibited suspension-induced terminal differentiation. Caspase inhibition also blocked differentiation, the primary mediator being caspase 8. Caspase activation was initiated by 2 h in suspension, preceding the onset of expression of the terminal differentiation marker involucrin by several hours. Incubation of suspended cells with fibronectin or inhibition of PI3-kinase prevented caspase induction. At 2 h in suspension, keratinocytes that had become committed to terminal differentiation had increased side scatter, were 7-aminoactinomycin D (7-AAD) positive and annexin V negative; they exhibited loss of mitochondrial membrane potential and increased cardiolipin oxidation, but with no increase in reactive oxygen species. These properties indicate that the onset of terminal differentiation, while regulated by PI3-kinase and caspases, is not a classical apoptotic process.
Introduction
The human interfollicular epidermis comprises multiple layers of keratinocytes. The basal layer is attached to an underlying basement membrane and contains at least two types of proliferating cells, known as stem and transit amplifying cells [1] . Stem cells have unlimited selfrenewal capacity and also give rise to cells that undergo terminal differentiation. Prior to differentiation the cells may divide a small number of times; such cells, with low self-renewal ability and high differentiation probability, are the transit amplifying cells. Once a cell has withdrawn irreversibly from the cell cycle and initiated terminal differentiation it moves out of the basal layer. Over the next few days or weeks it undergoes a well-defined series of changes in gene expression and cell morphology as it moves through first the spinous layer and then the granular layer towards the surface of the tissue. The cells in the final stages of terminal differentiation (cornified layer) are anucleate and have assembled transglutaminase cross-linked proteins and lipids into a structure known as the cornified envelope, which is essential for www.cell-research.com | Cell Research Sam M Janes et al. 329
npg proliferating cells and reduced number of differentiating cell layers [15] . Conversely, transgenic activation of Akt in the epidermal basal layer stimulates proliferation and results in thickening of the interfollicular epidermis [16] . Akt is one of the genes that is upregulated in response to activation of the forkhead transcription factor FOXN1 [17] . In reconstituted human epidermis FOXN1 promotes the early stages of terminal differentiation (spinous layers), whereas Akt activation induces the late stages, including accumulation of cornified layers [17] . Pharmacological inhibition of PI3K blocks suspension-induced terminal differentiation, whereas inhibition of Akt does not [17] , suggesting that Akt is not the only route by which PI3K exerts its effects.
There is also evidence that Akt protects keratinocytes from apoptosis. Activation of Akt in tumour-derived keratinocytes is negatively regulated by caspases and prevents cells from undergoing suspension-induced apoptosis [18] . This is in good agreement with the finding that inhibition of PI3K leads to death of cells that would otherwise have completed terminal differentiation [13, 14] . Knockdown of Akt1 leads to apoptosis in the suprabasal layers of in vitro reconstituted human epidermis and is alleviated by caspase inhibition [14] . Furthermore, Bcl-xL and Akt cooperate to protect epidermal keratinocytes from UVB-induced apoptosis in mouse epidermis [19] . Taken together, these findings suggest that Akt is involved both as a survival factor and in initiation of terminal differentiation.
In the present report we have investigated the roles of the PI3-kinase/Akt pathway and caspases in commitment of keratinocytes to terminal differentiation. We show that committed keratinocytes have characteristics that are distinct from apoptotic cells, and we define features that will facilitate isolation of these cells for further analysis.
Results

Akt is activated on commitment to terminal differentiation in human epidermis
To examine the sites of Akt activation in vivo, we performed immunofluorescence staining of sections of human skin with antibodies to phospho-Akt 473 ( Figure  1A and 1C). Sections were also labeled with antibodies to E-cadherin ( Figure 1B and 1C) , which is localized to cell-cell borders in all the viable epidermal layers, and with Hoechst dye, which labels nuclei ( Figure 1C ). There was intense phospho-Akt immunoreactivity in the first 2-3 suprabasal layers. Phospho-Akt labeling declined in the upper spinous layers and was undetectable in the granular and cornified layers. Most cells in the epidermal basal layer did not label with the phospho-Akt antibody. the barrier properties of the skin.
Keratinocytes can be isolated from human epidermis and cultured under conditions in which stem cells are preserved, as evidenced by the clinical applications of cultured epidermis as autologous grafts for burns victims [2] . The cultures therefore provide a useful experimental model with which to study how differentiation is controlled in an adult self-renewing epithelium. Clonal growth assays have been used both to identify cell surface markers that enrich for stem cells and to examine the genes that regulate exit from the stem cell compartment [1, 2] . The putative stem cells found large clones that are a mixture of self-renewing cells and cells that initiate terminal differentiation. In contrast, transit amplifying cells form abortive clones that typically comprise fewer than 40 cells by 14 days in culture, all of which have initiated terminal differentiation and express the spinous layer marker, involucrin [1, 2] .
One of the conditions that triggers human keratinocytes to undergo terminal differentiation is to place them as a single cell suspension in semi-solid medium [3, 4] . Irreversible commitment of both stem and transit amplifying cells to terminal differentiation occurs within the first 4 h; at this stage the cells have not started to express involucrin, but have withdrawn irreversibly from the cell cycle [4] . Expression of spinous layer markers, including involucrin and cornifin, begins by 10 h, and mature cornified envelopes, representing the final stage of terminal differentiation, are assembled within 48 h [3] [4] [5] . The differentiation signal is mediated by loss of extracellular matrix (ECM) attachment and can be inhibited by ligating β1 integrins with anti-integrin antibodies, fibronectin or a combination of ECM proteins [4, 6] .
Keratinocyte terminal differentiation shares a number of features with apoptosis, including permanent withdrawal from the cell cycle, activation of caspases and transglutaminases, and stimulation by c-Myc [5, 7] . Unligated β1 integrins stimulate both apoptosis [8] and terminal differentiation [9, 10] . There are, however, notable differences, such as the nuclear swelling, as opposed to condensation, that occurs in differentiating keratinocytes [5] . Furthermore, the kinetics of each process are distinct, with apoptosis occurring within minutes or hours and terminal differentiation taking place over the course of several weeks in vivo.
There is evidence that activation of Akt is involved in the initiation of keratinocyte terminal differentiation. While there is one report that inhibition of PI3K stimulates differentiation [11] , most available data indicate that Akt activation plays a positive role in the process [12] [13] [14] . Mice lacking both Akt1 and Akt2 die shortly after birth and have thin epidermis, with a reduced number of npg However, individual cells with high levels of phosphoAkt extended processes into the basal layer, their shape suggesting that they were migrating into the suprabasal layers [20, 21] .
Within the basal layer of human, but not mouse, interfollicular epidermis the putative stem cells are clustered and express high levels of β1 integrins [22, 23] . This can be readily visualized by confocal microscopy of epidermal whole mounts, in which the basal layer of human interfollicular epidermis is viewed as an intact sheet [21] . When human epidermal whole mounts were double labeled with antibodies to phospho-Akt 473 (green) and β1 integrins (red) ( Figure 1D ) there was little co-expression. By quantitating the fluorescence signal along a straight line placed across a whole mount the inverse correlation between phospho-Akt and integrin levels is clearly seen: the peaks of red fluorescence do not coincide with the peaks of green fluorescence ( Figure 1E ).
Akt activation drives keratinocytes into the transit amplifying compartment in vitro
The localization of phospho-Akt 473 -positive cells suggested that Akt is phosphorylated in cells that are committed to terminal differentiation. To determine whether Akt stimulates differentiation in vitro, we introduced an activatable form of Akt into primary human keratinocytes via retroviral infection [17, 18] . myrAktER is a membrane-targeted Akt construct in which Akt activation is dependent on 4-hydroxy-tamoxifen (4-OHT) [24] . An inactive version, A2AktER, was used as a control [24] . Keratinocytes were transduced with the Akt constructs and expression confirmed by probing the blots with an anti-ER antibody (data not shown; [17, 18] ). We have previously shown that there is a strong increase in Akt 473 phosphorylation in keratinocytes transduced with myrAktER, while a slight increase in A2AktER-transduced cells indicates some leakiness of the construct [17] .
Transduced keratinocytes were seeded at clonal density on a feeder layer and cultured in the presence or absence of 100 nM 4-OHT for 14 days. We then fixed and stained the dishes and scored the total number of colonies per dish and the proportion of those colonies that were abortive, that is, small colonies of differentiated cells attributable to transit amplifying cell founders [22] . We did not attempt to evaluate the sizes of non-abortive colonies, founded by putative stem cells [1] . 4-OHT treatment of cells expressing the control construct, A2AktER, Figure 2C -2E). We conclude that Akt activation stimulates keratinocytes to move from the stem to the transit amplifying compartment.
Inhibition of PI3-kinase or caspases, but not p38MAPK or MEK1, blocks suspension-induced differentiation
When keratinocytes are disaggregated and placed in suspension, the majority of cells, whether stem cells or transit amplifying cells [22] , initiate terminal differentiation and express spinous layer markers such as involucrin and cornifin. Within 4 h cells withdraw irreversibly from the cell cycle and will not proliferate if replated in culture; these cells are said to be committed to terminal differentiation because they have not yet begun to express involucrin. Overt terminal differentiation, as indicated by involucrin expression, begins at approximately 8 h in suspension [4] .
Suspension-induced differentiation can be partially inhibited by ligating surface β1 integrins with anti-integrin antibodies or with fibronectin [4, 6] . If Akt activation stimulates keratinocytes to exit the stem cell compartment, a PI3-kinase inhibitor would be expected to block suspension-induced differentiation [17] . We assessed this by measuring induction of involucrin and cornifin, and down-regulation of β1 integrins ( Figure 3A-3E ). Primary human keratinocytes were suspended in the presence of the PI3K inhibitor, LY294002 (50 µM), fibronectin (100 µg/ml) or DMSO (diluent control). LY294002 inhibited differentiation in all three assays, inhibiting the induction of involucrin ( Figure 3A ) and cornifin ( Figure 3B ) and blocking β1 integrin down-regulation ( Figure 3C -3E). The effect of LY294002 on induction of involucrin expression was much stronger than the effect of fibronectin ( Figure 3A ). As reported previously, control keratinocytes did not undergo suspension-induced apoptosis [5, 18] ; furthermore, treatment with LY294002 did not stimulate apoptosis in suspension (data not shown).
Given the similarities between apoptosis and keratinocyte terminal differentiation, we examined whether caspase activation was required for suspension-induced differentiation. The broad-spectrum caspase inhibitor, z-VAD-fmk (100 µM), was as effective as LY294002 in preventing the induction of involucrin ( Figure 3F ) and cornifin (data not shown) expression and in blocking the down-regulation of β1 integrins ( Figure 3H-3J) .
Caspase signalling can be broadly grouped into two pathways, the caspase 8-dependent extrinsic pathway, initiated by activation of death-domain-containing receptors [25, 26] , and the caspase 9-dependent intrinsic pathway, typically activated by cytotoxic drugs or DNA damage. To examine the role of these pathways in keratinocyte suspension-induced differentiation, experiments T0 T24 T24 T24 T24  T0 T24 T24 T24 T24 FN DMSO LY Adh DMSO LY
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Adh DMSO zVAD % involucrin + ve % involucrin + ve T0 T24 T24 T24 T24 T24 T24 T24  zVAD FN DMSO SB UO LY   T0 T24 T24 T24 T24 T24 T24 Regulation of keratinocyte differentiation 332 npg using either caspase 8 or 9 specific inhibitors were performed ( Figure 3F ). The caspase 8 inhibitor (z-IETDfmk) suppressed suspension-induced differentiation as efficiently as z-VAD-fmk, while the caspase 9 specific inhibitor (z-LEHD-fmk) partially suppressed suspensioninduced differentiation. Thus it appears that both pathways contribute to the differentiation process, with the caspase 8-dependent pathway being more important. However, additional experimental approaches will be necessary to clearly delineate the relative contributions of caspase 8 and 9.
Other signalling pathways that have been implicated in the regulation of keratinocyte differentiation are the Ras-Raf-MEK-Erk cascade [12, 27, 28] and the ASK1-MEKK1-p38 pathway [29] . Integrin-dependent Erk activation is associated with maintenance of the human epidermal stem cell compartment in culture [28] . Inhibitors of MEK1 (UO126, 10 µM) and p38 MAPK (SB 203580, 10 µM) did not inhibit suspension-induced involucrin expression ( Figure 3K ). We did, however, observe that when suspended keratinocytes were treated with z-VADfmk or LY294002 there was a higher level of ERK activation than in untreated cells or cells suspended in the presence of fibronectin ( Figure 3G ). The enhanced ERK activation reflected a failure of the cells to down-regulate ERK rather than an induction in suspension, as shown by comparing levels of active ERK in adherent and suspended cells (data not shown). To determine whether the inhibition of differentiation by z-VAD-fmk and LY294002 was dependent on sustained ERK activation, we treated suspended cells with the UO126 inhibitor in combination with z-VAD-fmk or LY294002. As shown in Figure 3L , UO126 did not overcome z-VAD-fmk or LY294002 inhibition of terminal differentiation, even though it prevented sustained ERK activation (data not shown). These experiments show that sustained ERK activation is not required for the block in differentiation caused by caspase or PI3-kinase inhibition.
Changes in caspase activity occur within 2 h of placing keratinocytes in suspension
To examine in vivo caspase activity, sections of normal human epidermis were labeled with CaspaTag Figure 4V ). During keratinocyte differentiation in suspension the nucleus is known to enlarge and become paler, before disappearing completely [5] ; nuclear swelling is also a feature of necrotic cell death [30] . The nuclear changes were already apparent within 2 h of placing keratinocytes in suspension ( Figure 4O , 4R and 4U).
Flow cytometry identified two subpopulations of cells with distinct levels of CaspaTag TM labeling. At time zero there was a single major peak of unlabeled cells ( Figure  4B and 4J) and at 2 h a peak of intensely labeled cells was detected ( Figure 4C and 4K) . By 24 h, the second peak of CaspaTag TM -labeled cells, which has a fluorescence intensity intermediate between the unlabeled and strongly labeled populations, was as abundant as the first peak ( Figure 4I and 4L) .
The intermediate peak of CaspaTag TM labeling was detectable from time zero onwards, but did not increase in abundance until after 10 h in suspension ( Figure 4B -4I). A population with intermediate CaspaTag TM labeling was also detectable by fluorescence microscopy ( Figure  4S-4U ). These cells tended to be involucrin positive and to have normal nuclear morphology ( Figure 4S-4U) . In contrast, the cells that were most brightly labeled with CaspaTag TM tended to have nuclear changes but no involucrin staining. This suggests that the initial stages of terminal differentiation are associated with high caspase activity and nuclear enlargement, while at later stages caspase activity is somewhat reduced. Alternatively, caspases that bind CaspaTag TM with different affinities may be activated early and late in terminal differentiation.
To investigate whether suspension-induced caspase activation was subject to the same regulation as induction of involucrin expression, we examined the effects of incubation with fibronectin or LY294002 ( Figure 5 ). Both CaspaTag TM labeling and involucrin expression were reduced by the addition of fibronectin or LY294002. We noted that CaspaTag TM labeling was more sensitive than involucrin induction to inhibition by fibronectin ( Figure  5A) , and that the increase in CaspaTag TM labeling that occurred by 4 h in suspension was inhibited by LY294002. This would be consistent with previous reports that caspases are activated by unbound integrins [8] . 
Suspension-induced differentiation is distinct from apoptosis, with no phosphatidylserine membrane flipping
Early in apoptosis the phospholipid asymmetry of the plasma membrane is lost, exposing phosphatidylserine on the outer layer of the membrane. The early activity of caspases in suspension-induced differentiation led us to examine whether differentiating keratinocytes undergo phosphatidylserine flipping, as measured by multiparametric flow cytometry for Annexin V-positive cells in combination with other markers including the nuclear dye 7-aminoactinomycin D (7-AAD) ( Figure 6 ). Although the emission wavelengths of 7-AAD and Annexin V Alexa647 are the same (660/20 nm), they are excited by different wavelengths and so can be examined together.
Little compensation (correction of fluorescence signals) is needed between 7-AAD and AnnexinV
Alexa647
, because 7-AAD is excited by the 488 nm blue argon laser, which does not excite Alexa 647; and Alexa 647 is excited by the 633 nm red diode laser, which does not excite 7-AAD.
We first examined Annexin V staining in cells undergoing apoptosis. MDCK cells provide a positive control for suspension-induced apoptosis [18] , whereas staurosporine is known to induce apoptosis of adherent primary human keratinocytes at certain concentrations [31] . Freshly detached MDCK cells were largely negative for Annexin V and for the nuclear dye 7-AAD, but by 24 h in suspension a double-positive population was detected; this provides a positive control for apoptosis of suspended cells ( Figure 6A ). Double-positive cells were also detected when adherent keratinocytes were treated with 1 µM staurosporine for 24 h ( Figure 6C ). We confirmed that staurosporine induced keratinocyte apoptosis by determining that cells with a sub-G1 DNA content were present ( Figure 6B) .
In contrast to keratinocytes undergoing staurosporine- Figure 6D ; [32] ). In the early phases of suspension-induced differentiation, cells that were permeable to the nuclear dye 7-AAD (and Hoechst; data not shown) and positive for Annexin V were readily detected (box iv) ( Figure 6E ). However, there was also a distinct population of cells that were 7-AAD positive and Annexin V negative (box iii) ( Figure  6E ). Such cells were not detected in apoptotic cells (Figure 6C) .
Suspension-induced differentiation involves early cytochrome c release and loss of mitochondrial membrane potential
It has been suggested previously that keratinocyte differentiation uses the mitochondrial-dependent cell death machinery [33] . To examine whether the CaspaTag TM activity seen within 2 h of cell suspension was indicative of apoptosis, we performed a multiparametric apoptosis assay on unfixed, nonpermeabilized keratinocytes. Three markers (cytochrome c release, loss of mitochondrial membrane potential and increase in reactive oxygen species) were evaluated by flow cytometry. Direct determination of cytochrome c release cannot be carried out on living cells; instead we used nAO fluorescence as an indirect measure. nAO measures cardiolipin peroxidation; cardiolipin anchors cytochrome c in mitochondria, and thus a decrease in nAO fluorescence can be attributed to cytochrome c release [34] . Cardiolipin peroxidation can also be caused directly by ROS production [35] . Freshly isolated, unfractionated cell populations contained a small subpopulation of cells that were positive for all three markers ( Figure 7A) . However, by 2 h in suspension a more abundant subpopulation appeared that showed reduced nAO fluorescence and loss of mitochondrial membrane potential but did not show an increase in reactive oxygen species (boxed in Figure 7A ). Since ROS production was not increased we deduce that the change in nAO indicates cytochrome c release. These cells corresponded to the cells that were 7-AAD positive and Annexin V negative (box iii in Figure 6E ) ( Figure  7A ).
As keratinocytes undergo terminal differentiation they increase in forward and side scatter [22] . At 2 h in suspension we observed an intermediate cell population that had increased side scatter without increased forward scatter ( Figure 7B ). These cells corresponded to the cells that had become permeable to 7-AAD with loss of mitochondrial membrane potential and release of cytochrome c ( Figure 7C ). Thus, we can distinguish cells that are committed to terminal differentiation as being 7-AAD positive, Annexin V negative, with loss of mitochondrial membrane potential, release of cytochrome c, no increase in reactive oxygen species and an increase in side but not forward scatter.
Discussion
Our experiments set out to delineate events in commitment of human epidermal keratinocytes to terminal differentiation. We examined the role of Akt, the temporal activation of apoptotic machinery and the extent to which commitment is a modified form of apoptosis.
In agreement with several previous reports [12] [13] [14] , we found that Akt was activated on initiation of terminal differentiation and that PI3K activity was required for differentiation to proceed. Akt activation did not cause immediate withdrawal from the cell cycle, because cells were still able to found colonies, but rather triggered a transition from the stem into the transit amplifying compartment. Inhibition of PI3-kinase prevented not only induction of spinous layer differentiation markers in suspension, but also the down-regulation of integrin expression that occurs on departure from the basal layer. There was no evidence for a role of the other signaling pathways tested, in particular ERK MAPK signaling, although integrin-dependent activation of ERK MAPK is involved in maintenance of the stem cell compartment [28] .
Previous work has demonstrated that caspases are involved in the later stages in epidermal differentiation [33, 36, 37] . We found, however, that caspases were activated as soon as cells left the basal layer of the epidermis and within 2 h of placing them in suspension. Inhibition of caspases blocked suspension-induced terminal differentiation, as measured both by induction of involucrin and by down-regulation of surface β1 integrins. Caspases 8 and 9 were involved. Caspase activation could be blocked by integrin ligation with fibronectin or by inhibition of PI3-kinase, suggesting Akt may act upstream of caspase activation. In suspended squamous cell carcinoma cells, caspase activation results in decreased Akt phosphorylation [18] , raising the possibility of a feedback loop involving caspase and Akt activation.
The different levels of CaspaTag TM staining we observed at 2 and 24 h of suspension may indicate activation of different caspases or different levels of activation, perhaps by a negative feedback mechanism as differentiation progresses. Many caspases are expressed in keratinocytes, including caspase 1, 2, 3, 4, 6, 7, 8, 9, 11 and 14 [37] [38] [39] . Caspases 3 and 14 have been implicated in the later stages of terminal differentiation [37, 40] . A possible model based on the concept of negative feedback is that there is early activation of caspase 8 by unbound integrins [8] ; caspase 8 activation could then be amplified by a caspase 9-dependent process as seen in suspension-induced apoptosis [41] . Akt activation, which increases from 6 h after suspension [17, 18] , could control the caspase activity and prevent the induction of apoptosis [41] . This would reduce caspase activity in cells undergoing the later stages of differentiation, allowing ordered assembly of the cornified layers. Consistent with our finding that caspase activation plays a role in keratinocyte differentiation, there are recent reports that caspase 3 mediates differentiation of embryonic stem cells and hematopoietic stem cells [42, 43] .
We conclude that Akt and caspase activity have dual roles in keratinocyte differentiation, stimulating an initial commitment to differentiate and subsequently allowing keratinocytes to progress through the later stages of differentiation. The early caspase activity is associated with other apoptotic mechanisms including cytochrome c release and loss of mitochondrial membrane potential. However, the processes can be distinguished by the lack of phosphatidylserine flipping and generation of reactive oxygen species, which may indicate that commitment is associated with changes in membrane permeability rather than a classic apoptotic process.
We previously presented evidence for a model in which Akt activation in keratinocytes provides the survival signal necessary for initiation of terminal differentiation in suspension [17, 18] . We further showed that tumour cells that failed to differentiate underwent programmed cell death through a failure to activate Akt, but that this could be over-ridden by upregulated expression of the αvβ6 integrin [18] . Our finding that commitment to differentiation is associated with an increase in side scatter will allow us to isolate committed cells in order to investigate how the PI3-kinase-Akt pathway interacts with other signalling pathways that control exit from the epidermal stem cell compartment.
Materials and Methods
Cell culture
Primary human keratinocytes [strain km, passages 4 (km4), 5 and 6] were isolated from neonatal foreskin and cultured in the presence of a feeder layer of J2-3T3 cells in FAD medium containing 10% FCS, 0.5 µg/ml hydrocortisone, 5 µg/ml insulin, 10 -10 M cholera toxin and 10 ng/ml EGF, as described previously [44] . MDCK cells were cultured in DMEM containing 10% FCS.
Retroviral infection
The A2AktER and myrAktER constructs [24] cloned into the retroviral vector pWZLneo were kind gifts of Julian Downward (CR-UK London Research Institute). Retroviruses were packaged using a two-step procedure involving transient transfection of ecotropic Phoenix-AM12 cells and infection of amphotropic AM12 cells with the viral supernatant [45] . Keratinocyte cultures were transduced with the supernatant from the amphotropic AM12 producer cells [44] . After 24 h the cells were selected with neomycin (2.0 mg/ml) (G418, Geneticin; Gibco). Activation of A2AktER and myrAktER was achieved by adding 100 nM 4-OHT to the culture medium.
Clonogenicity assays
In all, 500 keratinocytes were plated per 60 mm dish. After 14 days the cultures were fixed in formaldehyde for 10 min and stained with 1% Rhodanile Blue. All colonies (that is, consisting of 2 cells or more) were scored. Colony-forming efficiency was calculated as the percentage of plated cells that formed colonies. Abortive colonies were defined as colonies that contained fewer than 40 cells [22, 28] . All experiments were performed in triplicate and more than 100 colonies were scored per experimental condition.
Antibodies
Antibodies against the following proteins were used: Akt (9272; Cell Signalling Technology), phospho-Akt 473 (44-622; Cell Signalling Technology and Biosource), Erk2 (sc-1647; Santa Cruz Biotechnology), β1 integrins (P5D2), involucrin (SY5) and cornifin (SQ37C). Species-specific secondary antibodies conjugated to Alexa 488 or Alexa 594 were purchased from Molecular Probes, and HRP-conjugated second antibodies were purchased from Amersham.
Immunofluorescence labeling of epidermis
Frozen sections of neonatal human foreskin were fixed in 4% formaldehyde for 10 min. Sections were incubated for 60 min at room temperature with antibodies diluted in blocking buffer (PBS, 0.1% Triton X-100, 2% BSA, 4% goat serum). Nuclear counterstaining was performed using propidium iodide or Hoechst 33342.
Epidermal wholemounts were prepared and labeled as described previously [21] . Sections and wholemounts were analyzed on a Zeiss 510 confocal microscope.
Suspension-induced terminal differentiation
Cells were suspended in medium containing 3.5 g/200 ml methyl cellulose (Sigma), as described previously [9] . The following inhibitors were used at the concentrations indicated: z-VAD-fmk (100 µM; ICN Pharmaceuticals Inc.), z-LIEH-fmk (100 µM; Sigma), z-LEHD-fmk (100 µM; Sigma), LY294002 (50 µM; Sigma), SB203580 (10 µM; Sigma), U0126 (10 µM; Promega) or 100 µg/ ml fibronectin (Sigma). To measure the proportion of keratinocytes expressing involucrin or cornifin, cells were recovered by dilution of the methyl cellulose supplemented medium, air dried onto coverslips, fixed in 4% formaldehyde for 10 min at room temperature, permeabilized in methanol on ice for 10 min and then labeled with the appropriate antibodies [46] . At least 300 cells per experimental condition were scored for involucrin or cornifin expression.
Western blotting
Cells were lysed on ice in a modified RIPA buffer containing 50 mM Tris, pH 8.0, 150 mM NaCl, 1% NP-40, 0.1% SDS, 0.5% deoxycholate, 5 mM EDTA and 1% Triton X-100, with protease and phosphatase inhibitor cocktails (Sigma) [47] . Soluble proteins were resolved by SDS-PAGE on 10% Laemmli gels and transferred onto Millipore Immobilon PVDF membranes. Primary antibody probed blots were visualized with appropriate horseradish peroxidase-coupled secondary antibodies using enhanced chemiluminescence (ECL; Amersham) for detection [47] .
Detection of active caspases
Cells were labeled with the Intergen CaspaTag TM Pan Fluorescein Caspase Activity Kit, which uses a carboxyfluoresceinlabeled caspase inhibitor to bind irreversibly to active caspases. Single-cell suspensions and frozen skin sections were incubated according to the supplier's instructions with CaspaTag TM at 37 ºC for 1 h. Cell suspensions were analyzed by flow cytometry or immunofluorescence microscopy.
Flow cytometry
Single-cell suspensions of keratinocytes (10 6 /ml) were labeled with anti-β1 integrin and fluorescent secondary antibody on ice and then fixed with 4% paraformaldehyde prior to analysis. When DNA analysis was carried out, live cells were incubated with 10 µg/ml Hoechst 33342 (Sigma) for 45 min at 37 ºC before staining for apoptotic markers.
To detect apoptotic markers, live cells were incubated with 50 nM nonyl acridine orange (nAO; Molecular Probes) or 4 nM DiOC6(3) (Molecular Probes) and 5 µM dihyrdoethidium (HE, Molecular Probes) for 30 min at 37 ºC [48] . A separate aliquot of cells was also incubated with 40 nM tetramethylrhodamine ethyl ester (TMRE; Molecular Probes) for 20 min at 37 ºC. Cells were then washed and incubated with Annexin V Alexa647 (Molecular Probes) and 200 nM DAPI (Sigma Chemicals) or 4 µg/ml 7-AAD (Sigma Chemicals) in calcium-rich buffer (Becton Dickinson) for 15 min at room temperature. TMRE was excited at 488 nm and detected at 580/40 nm.
Cell samples (50 000 events) were analyzed on a Becton Dickinson LSR II fitted with 405, 488, 350-360 and 633 nm lasers. npg nAO and DiOC6(3) emissions were detected using a 530/25 nm filter; HE emission was detected using a 610/20 nm filter; DAPI emission was detected with a 440/40 nm filter; and Annexin V Alexa647 emission was detected with a 660/20 nm filter. The DNA content of ethanol-fixed cells stained with 50 µg/ml propidium iodide in the presence of RNase A (100 µg/ml) was determined with a FACSCalibur flow cytometer.
